BACKGROUND: New approaches for non-invasive embryo-quality assessment are among the major goals in Reproductive Medicine. We hypothesize that the detection of changes in the protein profile of the culture media in which blastocysts are cultured could be a potential indicator of the viability of the embryo and, thus, a useful tool for selecting the more appropriate blastocysts to be transferred. METHODS: Using protein-array technology, we analysed the protein profile corresponding to 24 h conditioned media of blastocysts that implanted versus those that did not implant. A statistical approach was followed to compare each of these media versus a medium in the absence of blastocysts (control medium). In addition, a gene ontology functional analysis-including those proteins showing a statistical difference among conditions-was performed, and a network with the predicted functional partners and corresponding relationships was obtained. RESULTS: The soluble TNF receptor 1 and IL-10 increased significantly and MSP-a, SCF, CXCL13, TRAILR3 and MIP-1b decreased significantly when the protein profile of the blastocyst culture medium was compared with the control medium. CXCL13 (BLC) and granulocyte-macrophage colonystimulating factor was also decreased significantly in the implanted blastocyst media compared with that in media from the non-implanted counterparts with a similar morphology. None of the proteins included in the array was increased significantly in the implanted blastocyst-conditioned media. CONCLUSIONS: The differences identified in the protein profile of the culture media in the presence of implanted versus non-implanted blastocysts can be considered a new non-invasive approach in the search for new tools to diagnose blastocyst viability.
Introduction
A major issue in the field of human reproductive is the selection of appropriate embryos for transfer to the uterus. To date, the method used to select the best cleavage embryo or blastocyst has been morphological assessment, but this selection method is subjective (Guerif et al., 2007) . In fact, implantation rates in Assisted Reproductive Technologies have not improved in the last decade (Nygren et al., 2006) .
Technological advances in translational research have enabled non-invasive determination of the proteomic and metabolic status of an embryo. Recently, proteomic analysis of human and mouse embryos/blastocysts has been conducted in two studies using time-of-flight mass spectrometry (KatzJaffe et al., 2005 (KatzJaffe et al., , 2006 . Nevertheless, no information is available concerning the secretome (proteins secreted/consumed) of the human blastocyst and whether it may correlate with implantation ability (implantome).
The aim of the present study was to identify the differences in the protein profile of the human blastocyst using protein-array technology. We investigated proteomic profiles from both morphologically normal blastocysts as well as functionally viable blastocysts.
Materials and Methods

Study design
This study was registered with number NCT00505115 in the Clinical Trial web (www.clinicaltrials.gov), and it received institutional review-board approval by the Ethics Committee of IU-IVI (Valencia, Spain). We developed a single blastocyst transfer protocol, which is the basis for the collection of blastocyst-conditioned media from the last 24 h of the development of a single blastocyst. The blastocyst is transferred to the mother, where it either implants (positive pregnancy test) or does not implant (negative pregnancy test). We collected up to 20 samples (50 ml each) of conditioned media from implanted blastocysts and 15 samples (50 ml each) of conditioned media from non-implanted blastocysts. We also collected 10 samples (50 ml each) of control media cultured under the same conditions as the samples, but with no blastocyst, and these were pooled in groups of five because of the low amounts of protein that the samples contained.
To gather the differential protein abundance data and to carry out the statistical analysis, we compared four pools of samples taken from implanted blastocysts (a total of 20 blastocysts analysed in pools of five samples, n ¼ 4) with three pools of samples obtained from non-implanted blastocyst-conditioned media (a total of 15 blastocysts analysed in pools of five samples, n ¼ 3). To prepare the protein profile of the human blastocysts, we compared the four implanted blastocyst pools (n ¼ 4) versus the control media (a total of 10 control-media samples in pools of five samples, n ¼ 2).
Human embryo culture
After fertilization assessment, all zygotes were rinsed and cultured in HTF medium. On Day 2, embryos were assessed for cleavage stage. Culture samples containing 50 ml of CCM medium (Vitrolife AB, Sweden) were placed in a culture dish and overlaid with oil. On Day 3, embryos were transferred from HTF medium to CCM medium until transfer (Day 5 or 6). Single blastocyst transfer was performed when a good-quality embryo (in terms of trophoectoderm and inner-cell-mass (ICM) morphology) was available (Schoolcraft et al., 1999) . Control and blastocyst-conditioned media (50 ml) were collected and frozen at 2808C until needed. The mean age of the women in the implantation group (n ¼ 20) was 29.9, whereas the mean age of those in the non-implanted group (n ¼ 15) was 29.7. The embryo morphology of each group was comparable in terms of ICM and trophoectoderm morphology. Furthermore, the number of suboptimal blastocysts (see Table I ) was 40% in the non-implantation group and 0% in the implantation group, according to a previously described classification (Schoolcraft, 1999) .
Protein array
The conditioned media obtained from single blastocysts that implanted versus those that did not were compared using Chemiarray TM (Chemicon International, USA). Arrays VI and VII contained 120 proteins that could be simultaneously compared between two given conditions (see Table II ). This system has a detection-range limit of 10-250 000 pg/ml, and the variation of duplicates ranged from 0 to 10% in duplicate experiments.
Briefly, five samples (50 ml each) of media taken from implanted blastocysts of similar morphology, five samples (50 ml each) of media taken from non-implanted blastocysts with a similar morphology or five control-media samples (50 ml of CCM TM ) were collected, pooled and diluted to 1 ml with blocking buffer (one-fourth dilution). Chemiarray TM membranes were blocked for 2 h at room temperature prior to media incubation. Each pool of media (implanted versus non-implanted) was incubated with two different membranes (arrays VI and VII) for 2 h at room temperature. After the sample incubation and washing, diluted biotin-conjugated anti-cytokine primary antibody was applied to each membrane for 2 h at room temperature. After washing, the diluted horse-radish peroxidase-streptavidin was added to the membranes for 2 h at room temperature, treated with the ECL detection system and exposed to Kodak X-omat film.
Image-densitometry analyses for all membranes were performed using the Image J software (http://rsb.info.nih.gov/ij/). Spot intensity was quantified and relative expression levels between proteins were calculated in each experiment (implanted, non-implanted and controls). For all membranes, the background signal was subtracted using Image J tools, and the spot intensity was quantified as arbitrary densitometry units using positive spots to determine the relative values. Given the small number of replicates, only the proteins with a positive relative value in all the arrays studied were included in the statistical analysis (see below).
Statistical and bioinformatic analysis
Statistical analysis was performed using the R software (http://www. r-project.org/) and the appropriate Bioconductor packages (http:// www.bioconductor.org/) run under R (see below).
To remove all the possible sources of variation of a non-biological origin between arrays, densitometry values between arrays were transformed to the logarithmic scale (log 2 ) and normalized using the quantile normalization function implemented in the Bioconductor 'limma' package. In other words, intensities were scaled so that each array had the same average value to compensate for the technical variation that is introduced while conducting the experiment. In our experiments, each array was processed using the pools of five biological samples. We analysed the data from two controls, four implanted replicates and three non-implanted replicates. Statistically significant differences between groups were identified using the Student's t-test. Even though applying the Student's t-test with such a limited number of samples is The development of the inner-cell-mass and trophectoderm can be assessed as follows: inner-cell-mass grade (ICM): a, tightly packed, with many cells; b, loosely grouped, with several cells; and c, very few cells. Trophectoderm grade (TE): a, many cells forming a cohesive epithelium; b, a few cells forming a loose epithelium; and c, very few large cells. Suboptimal blastocysts were defined as embryos with 'c' in ICM and/or TE. problematic and the resulting statistical significance is not robust, and the mean and the standard deviation could be easily biased by outliers, we made this statistical test as a rough filter to narrow down the list of proteins that could be most relevant to include in future investigations. Moreover, with the aim of correcting the raw P-values and to ascertain the false discovery rate (FDR), a multiple hypothesis test was performed using the Bioconductor 'multitest' package.
In addition, we used the densitometry values corresponding to the four proteins, which were identified to show a lower P-value after the Student's t-test (when comparing blastocyst-conditioned media with control media, and implanted blastocysts versus non-implanted blastocysts, respectively), to ascertain how the data structure was affected by the normalization procedure. To search for the relationship patterns that may support the statistical Student's t-test, we also plotted the densitometry values against the principal components (data not shown). The densitometry values of these proteins in both the control media and the blastocyst-conditioned media were clearly related to the second principal component before normalization and also to the first principal component after normalization of the quantiles. This situation indicated that both were well-structured groups and that the normalization procedure led to a better grouping of samples. Well-structured groups were also detected when the densitometry values of the four proteins with the lowest P-values in the implanted versus non-implanted blastocysts comparison were plotted against the principal components, especially after quantile normalization (data not shown).
A gene ontology (GO) functional annotation was also performed. Gene symbols of the up-and down-regulated proteins were imported into The Database for Annotation, Visualization and Integrated Discovery (DAVID; http://david.abcc.ncifcrf.gov/); we selected the biological processes showing an FDR , 0.05 as significant terms. Moreover, gene symbols corresponding to differentially expressed proteins were also sent to the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING; http://string.embl.de/) to build a network using edge information from three separate forms of evidence: databases, experiments and text mining. We used 0.7 (high confidence) as the value for edge confidence provided by STRING, and 20 as the maximal number of predicted integrators.
Results
The comparison of blastocyst-conditioned media with control media revealed the protein profile of the human blastocyst prior to implantation. Raw P-values, the FDR and the fold change for each protein detected in the array are shown in Table III . It is noteworthy that proteins such as CXCL13 (BCL), stem-cell factor (SCF), macrophage-stimulating protein-alpha (MSP-a), TRAILR3 and MIP-1b were significantly decreased (raw P , 0.05) in the conditioned media (Fig. 1) . In contrast, soluble TNF receptor 1 (sTNFR1) and IL-10 were significantly increased in the media (raw P , 0.05) where the blastocyst was present (Fig. 1) . Moreover, CXCL13, SCF and sTNFR1 showed an FDR , 0.05 after the multiple hypothesis testing; thus, the change of these proteins between the two conditions can be considered as no false positives by chance.
We then compared the conditioned media of implanted blastocysts versus non-implanted blastocysts in an attempt to describe a footprint for implantation ability ( Fig. 1 and Table IV) . A comparative analysis revealed that the granulocyte-macrophage colony-stimulating factor (GM-CSF), CXCL13 (BCL), IGF-1, IL-1R, Eotaxin-3 and Table II . Membrane arrays VII (1 and 3) and VI (2 and 4) incubated with conditioned media from implanted blastocysts (3 and 4) versus nonimplanted blastocysts (1 and 2). The proteins included in the array are set in duplicate. Positive controls are included in quadruplicate. Negative controls are also included. Each spot pair corresponds to one protein studied. Protein-spot intensity correlates with higher protein abundance in the medium analysed. NT-4 were decreased in media from implanted blastocysts compared with that from unimplanted blastocysts (Table IV) . However, the only proteins that we found significantly reduced in the implantome were CXCL13 and GM-CSF (raw P , 0.05). Only CXCL13 presented an FDR , 0.05 after multiple hypothesis testing. None of the proteins investigated was found to increase significantly and, therefore, no secreted proteomic markers for embryo viability were found. To understand the pathways involved in human blastocyst implantation, we performed a GO functional analysis taking into account all the proteins detected as statistically regulated in our arrays. The results showed that these proteins were significantly included in GO categories (FDR , 0.05 as provided by DAVID) mainly related to an immune response towards the surrounding environment: 'response to wounding, response to external stimulus and response to stress' (MSP-a, IL10, sTNFR1, GM-CSF, MIP-1b and CXCL13); 'response to pest, pathogen or parasite and response to other organisms' (IL10, sTNFR1, GM-CSF, MIP-1b and CXCL13); 'inflammatory response' (IL10, sTNFR1, MIP-1b and CXCL13); 'cell communication' (TRAILR3, IL10, SCF, sTNFR1, GM-CSF, MIP-1b and CXCL13); 'immune response' (IL10, sTNFR1, Page 5 of 8 GM-CSF, MIP-1b and CXCL13); 'taxis' and 'chemotaxis' (IL10, MIP-1b and CXCL13); 'defence response' (IL10, sTNFR1, GM-CSF, MIP-1b and CXCL13); 'locomotory behaviour' (IL10, MIP-1b and CXCL13); 'response to biotic stimulus' (IL10, sTNFR1, GM-CSF, MIP-1b and CXCL13); and 'organism physiological process' (MSP-a, IL10, sTNFR1, GM-CSF, MIP-1b and CXCL13). In addition, using as seed nodes the differentially detected proteins described above, we made the first network, including a set of the predicted functional partners (and their relationships) that could be considered at least a partial component of the human blastocyst secretome and implantome (Fig. 2) .
Discussion
Using a commercially available membrane protein array containing 120 proteins, we identified the protein profile of the culture media in the presence of the blastocyst, and in particular, of the implanted blastocyst. Statistical analysis revealed that the secretome of the human blastocyst consumes, metabolizes or binds CXCL13 (BCL) SCF, MSP-a, TRAILR3, and MIP-1B. It is not clear which mechanisms are responsible for the down-regulation of these proteins, but they may be internalized, bound to their ligands, or may simply be metabolized by the blastocyst. The fact is that we noted a significantly reduced abundance of these proteins in the media. It bears noting, taking into account that 120 proteins were studied, that only soluble TNF-receptor 1 (sTNFr1) and IL-10 were found to increase by the presence of the human blastocyst. The comparison of implanted versus non-implanted blastocyst-conditioned media is characterized by a decrease in GM-CSF and CXCL13 in the presence of the implanted blastocyst.
The ability to assess the protein profile of an individual embryo would lead to a better understanding of the cellular function at specific embryogenesis stages. Furthermore, such an approach would help us to improve embryo-culture media and to identify interactions between the blastocysts and the maternal uterine epithelium prior to implantation.
In our study, we have pooled-conditioned media samples in groups of five because of the limited effect of a single blastocyst in the conditioned media. We are aware that pooling samples could imply a decreased sensitivity in the protein arrays performed. However, we could not use single embryoconditioned medium to analyse the protein changes given the lack of high-throughput protein arrays to date and the limitation of the initial sample (50 ml of conditioned media). With the future arrival of high-throughput protein arrays, we will be able to increase the sensitivity of these techniques in order to analyse the single and complete secretome and implantome of the human blastocyst.
In our case, and even though the numbers of proteins in the arrays were around two orders of magnitude lower than the number of probes that are usually tested simultaneously in DNA-microarrays, we also performed a multiple hypothesis test to correct the original raw P-value of the increased occurrence of false positive results by chance through testing multiple proteins simultaneously. Although new high-resolution methods are being developed that may help us to validate the present results, CXCL13, SCF and sTNFR1 could, therefore, be considered significant proteins that change between the experimental groups, as described above.
SCF mRNA has been detected in human preimplantation embryos (Sharkey et al., 1995) , and also in human endometrium (Kauma et al., 1996 (Kauma et al., , 1999 . The binding of SCF to its receptor, c-kit, stimulates trophoblast outgrowth in mice blastocysts (Mitsunari et al., 1999) . MSP-a, also called hepatocyte growth factor-like (HGFL), has a dual function through its receptor RON tyrosine kinase. In vitro, the activation of the tyrosine kinase RON receptor by HGFL results in epithelialcell dissociation, migration and matrix invasion (Comoglio et al., 1999; Danilkovitch et al., 2000; Wang et al., 2003) . TNF, tumour necrosis factor; TNFRSF, tumour necrosis factor receptor superfamily member; TNFSF, tumour necrosis factor ligand superfamily 10; KITLG, kit ligand precursor, stem cell factor (SCF); IL-10, interleukin 10; IL10RA/B, IL-10 receptor alpha/beta; CXCL13, small inducible cytokine b13; BCL, B lymphocyte chemoattractant; CSF2, granulocyte-macrophage colony-stimulating factor (GM-CSF); HGFL, hepatocyte growth factor-like protein (MSP-a); TRADD, tumour necrosis factor receptor type I associated DEATH domain protein; CCL4, macrophage inflammatory protein 1 beta (MIP-1b); TRAP3, TNF receptor associated factor 2 associated protein 3; CSF2RA, GM-CSF receptor alpha; FADD, FAS-associating death domain-containing protein; LTA, lymphotoxin alpha; KIT, mast/stem cell growth factor receptor; RIPK1, receptor interacting serine/threonin-protein kinase 2; CSF2RB, cytokine receptor common beta chain; BIRC2, baculoviral IAP repeat containing protein 2; CASP8, caspase-8; IKBKB, inhibitor of nuclear factor kappa B kinase beta subunit; MCH4, caspase 10; BLR1, cXC chemokine receptor 5; NSMAF, protein FAN (factor associated with N-SMase activation); MST1R, macrophage-stimulating protein receptor; EPOR, erythropoietin receptor.
Although in vitro studies have clearly demonstrated that both epithelial and stromal cells attach to and invade intact peritoneum (Witz et al., 2002 (Witz et al., , 2003 , the specific factors involved in these processes remain unknown. HGFL also behaves as a trophic cytokine that prevents apoptosis (Matsuzaki et al., 2005) . In addition, activation of the RON tyrosine kinase receptor by HGFL may assist in implantation, thereby improving trophoblast function and viability (Hess et al., 2003) . In fact, a deletion of the entire receptor proves lethal in mouse embryos (Uehara et al., 1995) . Ron 2/2 embryos are viable through the blastocyst stage of development, but they fail to survive beyond the peri-implantation period (Muraoka et al., 1999) . Based on this evidence, we hypothesize that the blastocyst needs the presence of both proteins in either the culture medium or the uterine cavity for proper development.
The only known function of the soluble sTNFR1 is to antagonize and buffer circulating TNF-a. There is some evidence that sTNFR1 exerts immunoregulatory functions by inducing apoptosis in monocytes through reverse signalling via TNF-alpha (Waetzig et al., 2005) . The interaction net of proteins in our study includes TNF and LTA, which are involved in cell death and apoptosis, and also includes caspase precursors (caspases 2, 8 and MCH-4), TRAP-3, FADD and the TRADD proteins that interact with these three proteins: LTA, TNF and sTNFR1 (Fig. 2) . We hypothesize that the sTNFR1 increased by the human embryo might favour immunotolerance and induce endometrial epithelial apoptosis at the implantation site, as described in humans (Galan et al., 2000) and rodents (Kamijo et al., 1998) .
In the second part of our study, we compared the protein patterns of viable and non-viable embryos. We identified two proteins that had decreased in viable embryos, GM-CSF and CXCL13 (BCL). GM-CSF is a well-studied factor that prevents ICM apoptosis in humans (Sjoblom et al., 2002) and mice (Karagenc et al., 2005) , and promotes human blastocyst development in vitro (Sjoblom et al., 1999) . GM-CSF treatment affects resistance to freezing/thawing and re-expansion of murine blastocysts (Papayannis et al., 2007) , and it is not only crucial for embryo development, but also for implantation (Robertson, 2007) . Clinically, it has been associated with a better reproductive outcome in patients with implantation failure undergoing co-culture with autologous endometrial cells (Spandorfer et al., 1998) . This evidence indicates that GM-CSF is an essential protein in blastocyst metabolism and that it could be a prospective biomarker for blastocyst viability.
Notably, CXCL13 (B-cell-attracting homing chemokine) has not been described either in embryo development or in the implantation process. Several functions have been described for this protein in the immune system, such as natural antibody production and mucosal immunity (Ansel et al., 2002) , although its functions in the reproductive field are still unknown.
The GO functional analysis, the network of relationships between these proteins, and their predicted functional partners (Fig. 2) indicate that a competent blastocyst must activate pathways to change the immunity of the surrounding environment by secreting mainly sTNFr1, which also facilitates local apoptosis and starts epithelial degradation (activating caspases and pro-apoptotic molecules). The implanting blastocyst must also communicate with maternal cells by binding or metabolizing the essential proteins secreted by the endometrium, such as GM-CSF or the CXCL13 chemokine, to begin the implantation process. Whether or not these proteins could be used for embryo selection in IVF clinical practice needs to be addressed with further research that focuses on these two proteins.
To summarize, by comparing the protein profile of conditioned media from single blastocysts with clinical implantation versus non-implanted blastocysts, we describe for the first time the protein profile based on (commercially available) protein arrays of the human blastocyst as a potential noninvasive tool to investigate blastocyst viability.
